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Final Report

Processing and Modeling of Cellular Solids for Light-Weight Structures
Advanced techniques now exist for foaming not only polymers, but metals and ceramics as well. These newer foams are increasingly used for catalysts (chemical), preforms for metal-matrix composites, thermal insulators and thermal shock resistant materials (thermal), acoustic dampers (acoustic), cushions, vibration reducers, and systems for absorbing the kinetic energy from impacts (mechanical). Their uses exploit the special combination of properties offered by cellular solids, properties which, ultimately, derive from their cellukar structure. The objective of this proposed research is to develop processing techniques to produce metallic foams with controlled cellular structures and to understand and model the mechanical behavior of this special class of materials.
Technical Accomplishments
Metallic foams can be produced by using either casting or powder metallurgy methods. In our study, AA6101 aluminum foams (composition in weight 'Yo:A1-O.6
Mg-O.5 Si) were fabricated using a directional solidification technique. An SEM micrograph of a foam with a relative density of 6'% is shown in Figure 1 Mechanical tests (compression) were performed on several aluminum foams.
The compressive stress-strain curve obtained from a foam with a density of lo.s~o is shown in Figure 6 . The foam exhibita a small elastic region, followed by a stress plateau, apparently caused by the plastic yielding of cell ligaments. Densification To simulate the mechanical properties of the foam, the thresholded images ( Fig.   3 ) were used as input data to a finite-element method (FEM). It has been shown that a simple cubic lattice of nodes, connected by linear springs along the (100) and (110) crystallographic axes, can be used to efficiently discretize the continuum elastic equations, while maintaining the essential isotropy of the shear stresses [2] . In the present study, we extended this method into the element-by-element (EBE) formalism, in which the nodal forces derived from each element are summed on every cycle of an iterative conjugate-gradient solution. The main advantage of the EBE approach is that the storage requirements are of order M, the number of degrees of freedom, rather than Mz. It is therefore ideally suited to analyze x-ray tomographs which contain a large number of identical elements. Moreover, the stiffness matrix derived from the spring-network model is much simpler than that derived from strain-energy minimization and the nodal forces can be calculated about 10 times faster. This increased efficiency makes it possible to study structures of up to 107 elements routinely.
The Young's modulus of the porous foam was calculated along the orthogonal axes of the cube; the data shown in Table 1 have been normalized by the Young's modulus of the fully-dense materiaL EO. Most calculations used the full resolution of the tomographic image, and contained about 6 million elements. To test the sensitivity of the calculated stiffness to resolution, the tomographic image was rebinned from a resolution a=23.4 pm to a=46.8 pm and the elastic constants were recalculated. The data in Table 1 show that there is less than a 2% difference in the calculated stiffness at the two resolutions. Elastic constants calculated by FEM also depend on the boundary conditions imposed on the specimem a fixed grip boundary condition, where the lateral displacements on the load surfaces are fixed, inevitably leads to a larger elastic modulus than free grips, where these displacements are allowed to relax freely. The FEM results in Table 1 show variations from 15Y0-20Y0between the extreme cases of fixed grips and free grips. Table 1 , the stiffnesses in the direction perpendicular to the solidification (EI and E2) are almost identical. But, the calculated stiffnesses do show a small but significant elastic anisotropy in the foam; the Young's modulus along the (Eo) axis of the foam, corresponding to the direction parallel to solidification (Es), is 5-10% larger than that calculated along the other two axes (i.e. EI and Ez). This agrees well with the experimental observations. Specifically, measured stiffness anisotropy is about 6% (670 MPa in the solidification direction versus 630 MPa in the transverse direction). The experimental data were obtained from testing 75x 75x 50 mm specimens. In contrast, theoretical stiffness calculations were performed on a 10x 10x 10 mm specimen. It is particularly noted that experimental measurements on cellular solids must be conducted on a sample sufficiently large. This is to minimize the effect of free surfaces where ligaments are broken.
To compare calculations and experiments from samples with the same dimension, we attempted to model in situ boundary conditions on a small piece of foam surrounded by a much larger specimen. One approach to this problem is to use periodic boundary conditions, with the small specimen representing a single unit cell of a macroscopic structure. To construct a connected periodic specimen we must first add a mirror image of the specimen at each of three orthogonal faces. 
